We describe ProFeel, an application for exploring molecular data from protein structure-structure alignments using a force-feedback j o ystick. Protein structure analysis is a useful application for multimodal information perceptualization because researchers in this area typically use several independent measures in assessment. A system that allows the user to simultaneously evaluate di erent criteria would therefore be quite useful. Four variables are assigned three di erent haptic e ects each to allow the user to discern twelve separate data values. The haptic representation is coupled with a traditional molecular graphics visual display.
Introduction
In day t o d a y life people use their ve senses to obtain information from their environment. We i n teract with objects and develop intuition about the physical properties which describe them. For example, an average person shown a baseball will know from past experience approximately how heavy it is, how compressible it is, and how it will travel when thrown. Compare this familiarity to the interactions we normally have with a computer. In his 1965 paper, The Ultimate Display", 1 Ivan Sutherland pointed out that computers allowed us to create representations for concepts which w e may not be able to perceive directly, such as intra-molecular forces. He described how, by adding sound and force-feedback to computer interfaces, it might be easier for us to develop a better understanding of such phenomena. Haptic, or force-feedback devices can push back against the user's hands, thereby giving the illusion that the user is in contact with an actual surface or object. As an example of how a haptic controller could be used, consider a computer display indicating which parts of a molecule are more charged. We could use a haptic device with a spring-like feel associated with molecules so that when we clicked and dragged on an atom, we could feel the attractive and repulsive forces acting upon it. We could also add the sound of springs being stretched or compressed to enhance the e ect.
Until recently, there were powerful economic and technical disincentives to using force-feedback devices. In the past, the cost of high delity force-feedback controllers put them out of the reach of all but the most well-funded research scientists. Now haptic controllers such as Logitech's WingMan Force T M 2 joystick can be widely purchased for under $200. Writing programs for haptic devices was also complicated, often requiring the programmer to explicitly de ne the force functions for each force-feedback e ect as well as the many parameters which in uence such functions. Currently, graphical user interfaces such as Immersion Corporation's I-FORCE Studio T M 3 exist for easily describing physical models for e ects. Instead of writing equations for spring and damper e ects, the user can interact with a drawing of a spring, and stretch i t t o m a k e it bigger or smaller. This representation can then be saved as a resource le to be read into the program and later modi ed on the y if desired. At this point the hardware and software support for force-feedback devices are mature enough that researchers can shift their focus from developing realistic force-feedback e ects to determining how these e ects can be used to provide information e ectively to users.
Protein Structural Alignment
Protein structural alignment is an important tool for analyzing proteins for several reasons. First, it allows us to detect similarities between di erent protein structures. These similarities can be used to build evolutionary models for how proteins change and develop over time. These models in turn, can help us understand how protein shape and function are related.
Second, studying structural alignments can tell us what amino acids may be substituted at positions in the structure without destroying the shape of the protein. This is so because protein structure is more conserved than the amino acid sequence, i.e., the shape of a protein is less likely to change than its composition. This information is useful in protein structure prediction methods which rely on similarity b e t w een the protein of interest whose structure is not known called the target and a protein with a known structure. Using this information, a protein structure prediction may b e e v aluated according to whether the target protein sequence ts well with the structure if the target sequence is threaded through the structure. This additional data allows the researcher to make a better structure prediction despite possibly having a low amount of sequence similarity b e t w een the target and structure.
Finally, structural alignments can be used as test sets to quantify the abilities of protein structure prediction algorithms. For example, ignoring the fact that a sequence has a known structure, run the prediction algorithm using the sequence, and see if it comes up with the other proteins that have been structurally aligned to it.
Background and Previous Work
Previous work has shown that people perform well when presented with information in sensory modalities other than vision. In an experiment i n v olving the use of data representation using visual and audio cues, Hansen et al. 4 used a traditional molecular graphics display and musical parts to represent four variables simultaneously. This application presented information relevant to scientists examining alignments of two protein structures in three dimensional space.
Force-feedback has a long history of use in enhancing virtual reality t ype interfaces such as ight simulators, 5 surgical simulations, 6 and molecular docking. 7 More recently the use of haptic devices to provide information in scienti c visualization applications has been investigated. Hughes and Forrest 8 developed a vibro-tactile mouse for exploring data presentations in which a n additional variable not shown was accessible via the vibrations of the mouse as it was passed over portions of the visual display. Pao et al. 9 successfully implemented haptic rendering of scalar, vector, and tensor elds. Fritz 10 demonstrated the utility of the PHANToM T M haptic device for representing data plots as virtual surfaces.
One problem with the the use of haptic rendering to represent information is the di culty in choosing appropriate parameters that are intuitively associated with the visualizations. It is hoped that using an underlying physical object model might address this concern. One of the rst researchers to use such a model was Cadoz. 11 He developed a user interaction paradigm based on a m usical instrument as the physical object. Dufresne et al. 12 used this idea to develop a multimodal user interface system that combined auditory and haptic feedback. The metaphor of a plucked string was used for window stretching. When users stretched a window it felt as if they were stretching an elastic string and they simultaneously heard the sound of a plucked string rising in pitch. Dufresne et al. found that when compared to the unimodal interface, the bimodal interface allowed subjects to complete tasks more successfully and e ciently. Not surprisingly, the subjects also preferred the bimodal interface. Since users are familiar with the sights and sounds of objects in the real world, it is logical to expect that combining associated visual and haptic cues might result in stronger representations of information.
Minsky et al. 13 describe a haptic system based on the object metaphor of sandpaper. Most people are familiar with sandpaper: they know what it looks like, and how it feels. Therefore if we use sandpaper to represent data values instead of an arbitrary texture map, we can use its associated feel to reinforce the data mapping. The sandpaper texture map along with its corresponding feel can be varied so that the roughness varies with the value of the variable we wish to represent. The challenge then is to pick real life objects that have e v ocative visual and physical features which lend themselves to data perceptualization. Also, we w ant t o p i c k these objects so that multiple parameters can be mapped with minimal masking of each other. An ancillary bene t of using physical objects and phenomena as a representational paradigm is that this facilitates the inclusion of soni cation as a third sensory modality in future work: one simply adds an appropriate sound associated with the physical model.
To the best of our knowledge, no one has investigated the use of haptic textures to represent information in scienti c visualizations. A haptic texture is a force-feedback representation of a physical texture, such as the sandpaper example by Minsky. Other textures that could be created using force-feedback include grooved surfaces similar to a vinyl record, or smooth and slippery surfaces like ice. Also, with the exception of Grabowski, et al. 14 there has been little work on combining vision, hearing and touch to create scienti c perceptualizations. Grabowski et al. built upon the previously described work of Fritz by enhancing the haptic data plots to use sound pitch w as mapped to the vertical coordinate, z.
3 Development E n vironment ProFeel runs under Microsoft's Windows 95, and was written using the combination of Microsoft's Foundation Class library and their Visual C++ version 6.0 development environment. The computer used is a PC laptop running an Intel Pentium processor. The force-feedback device used is Logitech's WingMan Force joystick, which retails for approximately $130. Immersion's graphical haptic e ect development tool, I-FORCE Studio, was used to create resource les containing prede ned force-feedback e ects. These e ects are described in terms of waves. The joystick responds to the waves in a manner analagous to that of a cork bobbing up and down in a tank of water. A sine wave used to describe motion along the y axis will cause the joystick will move smoothly backwards and forwards. A s a wtooth wave like the one in Figure 5 describing motion along the x axis will cause the joystick to snap right rapidly and then immediately begin moving left at a slightly slower rate. Immersion's Feel Foundation Classes library was used to actually manipulate the joystick.
Architecture
ProFeel itself performs no data analyses. Instead, it reads the results from other programs and turns them into haptic e ects. Currently, our system reads structural alignments and their corresponding environment analysis les. The alignments are taken from the FSSP 15;16;17 Families of Structurally Similar Proteins database. This database is widely considered to be an excellent source of structural alignments and has the added bene t of accessibility via the world wide web. a The analysis tool Environments 18 is used to generate les containing information about each residue position's environment in the parent structure. An amino acid's environment is its local space. For each residue, four environmental parameters are determined: secondary structure, polarity of the region, exposure to solvent, and goodness-of-t. The rst three variables as well as the amino acid environment probabilities used in the goodness-of-t calculation are extracted directly from the output of the Environments program. The score associated with each residue, environment pair is given by lnPi : j=P i where P i : j is the probability of nding residue i in environment j , and P i is the probability of residue i in any e n vironment. Bowie determined these probabilities using a database of 16 known structures and their aligned homologous sequences.
In analyzing a protein structure, one common question is: How likely is it for a particular amino acid to be found in its assigned location? To get a handle on this question, we derived a goodness of t score. For each position in the alignment, goodness-of-t is calculated taking the score for the parental structure's amino acid in its environment and subtracting the score for the aligned child structure's amino acid in that same environment. A positive score indicates that the child structure's amino acid is at least as likely as the parent structure's amino acid to be found in the given environment.
Rasmol 19 provides the molecular graphics visualization. Inter-process communication between ProFeel and Rasmol is accomplished via a socket connection.
Visual-Haptic Mappings
We reimplemented Hansen et al.'s 4 data soni cation application using forcefeedback instead of sound. The force-feedback e ects may be presented singly or in any combination by clicking on the haptics" checkbox a v ailable for each of the four variables see Figure 1 .
The four variables and their corresponding haptic mappings are:
1. Secondary structure Secondary structure, or local folding pattern hea http: www2.ebi.ac.uk dali fssp fssp.html Figure 1 : ProFeel User Interface lix, loop, or beta sheet, is a nominal variable. The object metaphor for secondary structure is based on the physical model provided by the actual protein structure. Visually the secondary structure is represented using Rasmol's cartoon mode see Figure 2 , which uses traditional Richardson ribbons. Helices are shown as corkscrews, sheets as at ribbons with arrowheads, and loops as thin spaghetti-like squiggles. In the haptic representation of secondary structure, the straight sheets are represented by a linear movement of the joystick from left to right see Figure 3 . The helices are indicated by a rotational movement of the joystick in a circle. Since loop regions are characterized by their lack of regular structure, they are represented by a wriggling movement of the joystick from front to back in which a sinusoidal wave causes the joystick t o m o v e smoothly back and forth between the left and right sides. The secondary structure representation is perhaps the most intuitive since in this case the physical structure of the protein lends itself to a direct haptic representation. 2. Exposure Amount of exposure buried, partially buried, exposed, represents the proximity of the residue highlighted in color to the solvent o n the outside of the protein, and is an ordinal variable. As in the case of secondary structures, the object metaphor for exposure is based on the physical properties of exposure in nature. A noise occurring in the middle of a large auditorium will likely be associated with more resonance than a noise occurring in a completely exposed environment such a s t h e middle of an open eld. Therefore, an amino acid found in the middle of the protein will be associated with higher resonance. Resonance is indicated through force-feedback b y a 25 Hz vibration that builds and decays over a two second interval see Figure 4 . A maximally exposed residue is associated with little resonance, and the amplitude of the vibration is diminished. As the exposure decreases, the amplitude of the vibration increases. Visually, the amount of exposure of a residue may be estimated by rotating the molecule and observing the highlighted residue's position relative to the protein's outer surface. A sawtooth wave function was used to make the clicks feel sharp": the joystick m o v es in one direction and then quickly snaps back. As the polarity increases, the clicks increase in frequency from 4 Hz to 6.5 Hz and nally 10 Hz see Figure 5 . Visually, polarity is related to exposure. More exposed environments tend to be highly polar due to the charged water molecules present at the exterior of most proteins. In future work, the frequency of the clicks could be indicated by a striped texture map in which there are more stripes associated with more frequent clicks. 4. Goodness-of-t The goodness-of-t" of the amino acid substitution worse, similar, or better is an ordinal variable. The physical model for this variable is temperature. The visual representation for this variable is given by the color used to highlight the residue: hot" red for worse, cool" blue for better, and warm" purple a mixture of blue and red for similar. Lack of data is indicated by y ellow highlighting. Since temperature is related to the speed at which molecules vibrate, the haptic e ect for this variable is a constant high frequency vibration. The hotter" the color, the higher the frequency of the vibration, progressing from 50 Hz See Figure 6 , to 75 Hz, and then to 100 Hz.
6 Structural Alignment Data 6.1 Description and sources of data sets The structural alignment consisted of the G chain of lobster D-glyceraldehyde-3-phosphate dehydrogenase 1gpd-G superimposed on the salmonella typhimurium strain LT2 galactose-binding protein 1gca. The alignment w as ob- tained from the FSSP database. This particular alignment w as chosen because the parent protein is an example of an alpha beta structure, thereby allowing us to test all three of our secondary structure mappings. Also, since the sequences only have 56 identity, the alignment contained a nice spread of goodness-of-t scores.
Conclusions and Future Work
In informal testing, force-feedback appears to have a useful role in disambiguating data which m a y be unclear if only presented visually. It remains to be seen whether masking e ects will diminish the e ectiveness of presenting multiple haptic e ects simultaneously. One or two e ects could be discriminated rather easily; discriminating three or four e ects was much more di cult. Current work on ProFeel is progressing on several fronts. In order to demonstrate the utility of this tool, user testing will be conducted over the next several months. The experimental design will be similar to the one discussed in our PROMUSE 4 paper. The main enhancement for this project is the addition of data soni cation capability. We are currently investigating sounds which could be paired with haptic e ects to enhance the user's perception of the data values. An example would be a scratching sound paired with a sandpaper texture. One di culty with using haptic e ects such as the ones described here is that they make it di cult to use the joystick a s a p o i n ting device. We are hoping that haptic textures will alleviate this problem. Using haptic textures, a user could move a mouse over a picture and feel textures like ice, sandpaper or grooves. Immersion corporation's FEELit mouse will support haptic textures. It is due for release before the end of the year.
Visit the following URL for current information on this work: http: www.cse.ucsc.edu research slvg bio.html.
